The Pickett effect describes the excess non-additive strain developed during drying of a nanoporous solid material under creep. One explanation for its origins, developed using micromechanical models, is the progressive relaxation of internally developed microprestress. However, these models have not explicitly considered the effects of this microprestress on nanoscale energy barriers that govern the relative motion and displacement between nanopore walls during deformation. Here, we evaluate the nanoscale effects of transverse microprestresses on the drying creep behaviour of a nanoscale slit pore using coarse-grained molecular dynamics. We find that the underlying energy barrier depends exponentially on the transverse microprestress, which is attributed to changes in the effective viscosity and degree of nanoconfinement of molecules in the water interlayer. Specifically, as the transverse microprestress is relaxed (i.e. its magnitude decreases), the activation energy barrier is reduced, thereby leading to an acceleration of the creep behaviour and a stronger Pickett effect. Based on our simulation results, we introduce a new microprestress-dependent energy term into our existing Arrhenius model, which describes the relative displacement of pore walls as a function of the underlying activation energy barriers. Our findings further verify the existing micromechanical theories
The Pickett effect describes the excess non-additive strain developed during drying of a nanoporous solid material under creep. One explanation for its origins, developed using micromechanical models, is the progressive relaxation of internally developed microprestress. However, these models have not explicitly considered the effects of this microprestress on nanoscale energy barriers that govern the relative motion and displacement between nanopore walls during deformation. Here, we evaluate the nanoscale effects of transverse microprestresses on the drying creep behaviour of a nanoscale slit pore using coarse-grained molecular dynamics. We find that the underlying energy barrier depends exponentially on the transverse microprestress, which is attributed to changes in the effective viscosity and degree of nanoconfinement of molecules in the water interlayer. Specifically, as the transverse microprestress is relaxed (i.e. its magnitude decreases), the activation energy barrier is reduced, thereby leading to an acceleration of the creep behaviour and a stronger Pickett effect. Based on our simulation results, we introduce a new microprestress-dependent energy term into our existing Arrhenius model, which describes the relative displacement of pore walls as a function of the underlying activation energy barriers. Our findings further verify the existing micromechanical theories for the origin of the Pickett effect and establish a quantitative relationship between the transverse microprestress and the intensity of the Pickett effect.
Introduction and background
Nanoporous solids [1] [2] [3] [4] are a broad class of materials that contain numerous internal cavities or pores of predominantly nanoscale dimensions. The porous structure of these materials and large internal surface area make them viable for applications ranging from chemical separations [3] to structural materials [1, 4, 5] . For structural materials, moisture retained within hydrophilic nanopores can lead to changes in macroscopic material behaviour. Specifically, the 'Pickett effect' is a phenomenon pertaining to the drying creep behaviour of nanoporous solids. This behaviour was first observed by Pickett [6] many years ago for concrete specimens in which he noted that the strain of a specimen subjected to drying creep conditions (ε dc ) was greater than the sum of strains of a sealed specimen undergoing pure creep (ε c ) and a load-free specimen undergoing pure drying shrinkage (ε d ). In other words, a specimen undergoing simultaneous drying shrinkage and compressive strain due to mechanical loading will have a strain (ε dc ) in excess of the summation of strains from a specimen undergoing mechanical loading in the absence of any drying (ε c ) and a specimen drying in the absence of any external mechanical loading (ε d ). This effect is illustrated conceptually in figure 1a. While the Pickett effect was initially observed for concrete and cement paste, this phenomenon has since been observed and quantified experimentally for many other nanoporous solids including cellulose-based materials [7] [8] [9] [10] [11] , keratin fibres [12, 13] and synthetic polymers [14, 15] .
Until recently, the Pickett effect was widely thought to be explained by a combination of microcracking and microprestress developed during drying [16] [17] [18] [19] [20] . The initial explanation for the Pickett effect was developed by comparing differences in microcracking patterns for loadfree and compressed specimens. In a load-free specimen (pure drying), microcracks remain open during drying and the overall shrinkage is reduced compared to the compressed specimen in which the applied load prevents microcracking. However, further experiments revealed that microcracking alone explains only a small portion of the Pickett effect [19] and a further explanation based on micromechanical models was developed. These theories explain the Pickett effect as a combination of both the aforementioned microcracking and the progressive relaxation of an internally developed microprestress [16, 17] . The development of this microprestress is attributed to the nanoscale dimensions of pores within the material that hinder adsorption of water molecules. Because the adsorption layer does not fully develop, a transverse compressive stress (termed the disjoining pressure) is exerted on the pore walls by the hindered adsorbed layers. In hardened cement gels, as well as other hydrated nanoporous solids, the disjoining pressure is balanced out by atomic bonds across the nanopore and within adjacent, transversely oriented, solid sheets that are under a high tensile stress. Collectively, these effects constitute the transverse microprestress. During creep, the microprestress is progressively relaxed due to the breakage of these bonds, which consequently causes changes in the creep rate of the material. Together, these theories based on microcracking and progressive relaxation of microprestress help provide a fundamental understanding of the Pickett effect.
However, this explanation is not complete. One of the shortcomings of these theories is that they fail to consider nanoscale mechanisms that contribute to, and conceivably dominate, nanopore deformation [21] . For example, these theories consider water confined within the nanopores to be a Newtonian fluid and exhibit a viscosity that is independent of the creep rate. However, the results of our previous study [22] , as well as other studies of water confined in other nanoporous materials [23] [24] [25] [26] [27] [28] , have shown that nanoconfined water exhibits clear nonNewtonian, shear-thinning behaviour as the applied shear rate is increased. Based on these observations, our previous study has elucidated the nanoscale origins of the Pickett effect that had not previously been considered. Specifically, we have shown that the shear-thinning behaviour of Figure 1 . Illustration of the Pickett effect for nanoporous solids and internal loading of a nanopore. (a) The Pickett effect states that the strain experienced by a specimen undergoing drying creep (i.e. simultaneous mechanical creep and drying shrinkage) is greater than the sum of strains due to pure drying shrinkage (no load and humidity-driven moisture loss) and pure (or basic) creep (applied mechanical load and no moisture loss). (b) Illustration of a nanopore within these specimens showing the three external forces considered in this study: (i) transverse microprestress due to the hindered adsorption of water, (ii) shear stress on the pore wall caused by the macroscopically applied mechanical load, and (iii) drying force or pressure caused by differences in the relative humidity of the specimen (φ np ) and the environment (φ env ). (Online version in colour.)
nanoconfined water lowers the effective energy barrier to shear displacement of the pore walls. Lowering these effective energy barriers facilitates increased strains during drying creep, which can be quantified using an Arrhenius model [22] . While our previous study demonstrated that the Pickett effect can be explained by the motion of the water interlayer exiting the nanopores during drying, it did not consider the effect of transverse microprestress. Therefore, we are interested in quantifying how the transverse microprestress exerted on the walls of the nanopore during solidification and drying [16] [17] [18] [19] influences the intensity of the Pickett effect.
To answer this question, this study employs coarse-grained molecular dynamics (CGMD) simulations of water confined in a nanopore. In simulation, the nanopore is subjected to creep producing stress, drying pressure and transverse microprestress as illustrated in figure 1b. Rather than focusing on a specific material chemistry (i.e. calcium-silica-hydrate or cellulose) for the solid pore walls, we use a generalized model of water interacting with a hydrophilic surface that is applicable to a wide range of nanoporous solids. The hydrophilic nature of these surfaces is characteristic of the materials that exhibit the Pickett effect and is assumed necessary to ensure effective shear transfer between the water interlayer and pore walls. Our simulations quantify how the creep displacement of the top pore wall and viscosity of the water interlayer change as a function of the applied drying pressure and transverse microprestress. Based on the results of our simulation, we propose an addition to the existing analytical model to explain the drying creep displacement as a function of the transverse microprestress. Using this model and our simulations, we demonstrate how the intensity of the Pickett effect is controlled, in large part, by the magnitude of the microprestress developed within the material.
Simulation methodology (a) Simulation inputs and outputs
Before discussing our model for a slit nanopore and the associated parameters, we discuss how the macroscale process of drying creep is translated to mechanical loading of the nanopore. For this study, we consider three external forces applied to the nanopore: (i) shear stress applied to the pore walls resulting from the macroscopically applied creep force, (ii) drying pressure applied to the water interlayer caused by the differences in relative humidity between the nanopore and the ambient environment, and (iii) transverse stress applied to the pore walls as a result of the microprestress that is developed during solidification. First, we consider a compressive normal loading applied to a macroscale specimen. The macroscopic loading creates an overall compressive creep stress within the material, which subsequently causes shear stress to develop at interfaces within the material [29] [30] [31] [32] . In our simulations, this shear stress is the primary driving factor for causing displacement of the pore walls and is simply referred to as the creep stress, σ c . This creep stress, or alternatively creep force, F c , is simply the sum of the individual creep forces applied to each particle in the top pore wall, f ic , normalized by the cross-sectional area of the pore wall in the creep direction (x-direction in figure 1a), and is given by the following equation:
Second, we consider the effect of drying. Owing to the differences between the relative humidity within the nanopore and the ambient environment, a pressure differential is developed across the nanopore, inducing the flow of water [33] . This pressure differential P can be directly calculated in experiment as the difference between the vapour pressure within the nanopore P v,np at a relative humidity of φ np and the vapour pressure of the ambient environment P v,env at a relative humidity of φ env . In simulation, this pressure is related to the net drying force applied to the water beads normalized by the cross-sectional area of the water interlayer in the creep direction. Similar to the creep force, the drying force, F D , is obtained by summing the individual drying forces, f id , applied to each of the water beads in the creep direction (x-direction in figure 1a ). These relationships are summarized in the following equation:
The third external force considered in our system is the transverse microprestress that acts on beads in the pore walls due to the water within the nanopores. This transverse microprestress, σ t , developed within the pore walls, is explained by the microprestress-solidification theory for concrete [16, 17] . As mentioned in the Introduction section, the nanoscale size of pores prevents the water adsorption layer from fully developing, and this 'hindered adsorption' consequently exerts large disjoining pressure on the pore walls and leads to the development of microprestress in the nanopore. This disjoining pressure is balanced by the tension developed in solid bridges crossing the nanopore as well as by the tension in adjacent solid sheets oriented transversely to the nanopores. The microprestress field is imagined as a random field of stress changes alternating between a net compression and tension exerted on the pore walls which evolves due to changes in pore temperature and humidity, as well as through the hydration reaction. It is important to note that this transverse microprestress cannot be changed appreciably by an externally applied load, but rather is an internally developed material property that is only changed when the local chemical environment of the sample is changed through drying, temperature or the hydration process (this is explained by pore water having much lower elastic stiffness than the solid microstructure and the inevitable presence of many larger pores incompletely filled by water).
One approach towards simulating this transverse microprestress would be to hold the spacing between nanopore walls constant and overfill or underfill the slit pore. This would simulate the adsorption process and cause the development of a disjoining pressure and associated transverse microprestress. However, for the sake of simplicity and clarity, the transverse microprestress on the nanopores is here applied externally and kept constant. While the microprestress involves the surrounding nanostructure within the material, here we consolidate all those effects into a representative external boundary condition applied to the single nanopore considered in simulation. In our model, the net transverse microprestress developed, or alternatively transverse force, F t , is the sum of the individual transverse (z-direction in figure 1a ) forces applied to each atom in the top pore wall, f it , normalized by the cross-sectional area of the solid layer along the depth and is given by the following equation:
With these applied forces in mind, we develop a simple method to quantify the creep behaviour of the nanopore under pure creep and drying creep conditions. Treating these three applied forces or stresses as inputs to the slit nanopore system, the outputs of this system are focused on the motion of the top pore wall relative to the bottom pore wall (i.e. shear displacement of nanopore walls) and the behaviour of the liquid water interlayer. The behaviour of the water interlayer is best described through some measure of its effective viscosity, which helps describe the shear resistance of the fluid to deformation under the specific boundary conditions. To quantify this behaviour, we define an effective viscosity η given by equation (2.4) , where F c is the creep force applied to the nanochannel and v pc,mean is the mean creep velocity of the top pore wall.
The mean creep velocity warrants some additional explanation and consideration. Up to this point, we have not specified the direction of the drying force. This is because we do not know the direction of the drying force relative to the creep displacement a priori. Drying is driven by differences in the relative humidity inside the nanopore and in the external ambient environment; however, we do not know the direction of this flow. The water could flow 'forwards' where it is in the same direction of the creep sliding, or it could be 'backwards' in the opposite direction of the creep. Additionally, the direction of water flow could vary from nanopore to nanopore within the system, so it is important to consider both cases. Therefore, we conduct simulations for both drying directions and calculate the corresponding pore wall velocities denoted by v pc+ for 'forwards' drying and v pc− for 'backwards' drying. We then assume that each 'direction' of drying is equally likely and calculate the mean creep velocity as the simple arithmetic average of these two cases given by the following equation:
In this study, we use CGMD simulations of water confined in a nanochannel to better understand the effect of transverse microprestress on the drying creep behaviour of nanoporous solids. Rather than using a fully atomistic, chemistry-specific, model, here we chose a generalized, material-independent model [34] that represents the water confined in a slit pore with hydrophilic walls (illustrated in figure 1b ). This model focuses on tuning interatomic potential parameters to accurately capture the properties of the water interlayer and general hydrophilic character of the solid-water interaction. The hydrophilic character of the solid walls is representative of the specific chemical interactions exhibited by relevant nanoporous solids such as the C-S-H phase in concrete or cellulose in wood. This hydrophilic interaction ensures a no-slip condition between the water and pore wall and some amount of shear transfer to the solid walls. Using a material-independent model allows us to interpret our findings more broadly and extend them to numerous material systems.
To ensure that our results are relevant for real systems, we use the same water model employed in our previous study [22] that has been shown by Chiu et al. [34] to accurately capture the bulk viscosity, surface tension and density of water. In this coarse-grained (CG) model, a 12 : 1 mapping scheme is used as illustrated in figure 1b , where a single water particle in our simulation represents four fully atomistic water molecules (12 total atoms). Our model employs the Morse interatomic potential to determine the potential energy between particles. The form of the Morse interatomic potential is given by equation (2.6), where r is the distance between particles, r 0 is the equilibrium distance between particles, D 0 is the depth of the energy well and α describes the curvature and decay of the interatomic potential.
Parameters for water (D 0 = 0.813 kcal mol −1 , α = 0.5552 Å -1 , R 0 = 6.29 Å) have been obtained from previous studies [27, 34] and have been specifically tuned to match the bulk viscosity, density and surface tension of water. To ensure that the solid wall acts as a hydrophilic material, parameters for the solid-fluid interaction (D 0 = 0.8 kcal mol −1 , α = 0.5552 Å −1 , R 0 = 3.536 Å) are chosen to have the same potential well depth and curvature as the fluid-fluid interactions. Using this coarse-graining scheme, molecular dynamics (MD) simulations are conducted using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) molecular dynamics package [35] . Periodic boundary conditions are applied along the length and depth of the slit pore (x-and y-directions in figure 1b ) and a finite box size is employed in the pore width dimension (z-direction in figure 1b). The simulation box has dimensions of 15 nm × 3 nm × 8 nm, with the dimension in the z-direction including extra space to allow for expansion or contraction of the nanopore under the applied external forces. While there is a distribution of nanopore widths in many nanoporous solids, we chose to study an intermediate-sized nanopore [36] with a width of 4 nm that is characteristic of the size of many pores in C-S-H gels.
During simulations, the bottom pore wall is held in place by tethering these beads to their initial position with a virtual spring having a spring constant of 10.0 kcal mol −1 Å −2 . A harmonic constraint is chosen in lieu of fixing particles to maintain a consistent interaction between the fluid and the top and bottom pore walls. In our previous study [22] , we have verified that the value of this spring constant has a negligible effect on the results (approx. 10-15% change in the measured simulation outputs with a 50-500% change in the spring constant). The nanopore itself is constructed by placing beads in the solid pore wall in a face-centred cubic lattice arrangement with a unit cell edge length of 8.33 Å. The two solid planes are oriented such that a 4 nm wide slit pore is created between them and water beads are then randomly placed in between them to match the bulk density of water at 300 K (996 kg m −3 ).
After generating the system, an equilibration simulation is carried out for 0.5 ns to ensure the system has reached a minimum energy configuration. During these simulations, the lower solid pore wall is constrained to its initial position and the upper pore wall can move as a rigid body in the z-direction only. All simulations are integrated under the microcanonical (NVE) ensemble (constant number of particles, volume and energy) with an additional dissipative particle dynamics (DPD) thermostat used to control the system temperature [37] . We chose a DPD thermostat in lieu of a traditional MD thermostat (e.g. Langevin) to accurately capture the hydrodynamics of the system. Traditional thermostats do not necessarily preserve hydrodynamics and are unable to accurately simulate key aspects of confined fluid flow studied here, such as the velocity profile.
A DPD thermostat [37] [38] [39] , on the other hand, thermostats the system by applying dissipative forces that depend on the relative velocity between particles rather than velocities with respect to an Eulerian reference frame. Because we overlay the DPD thermostat on the microcanonical integrator, our simulation effectively becomes a canonical, NVT ensemble (constant number of particles, volume and temperature moderated by the DPD thermostat). The DPD thermostat is overlaid on the CG Morse interatomic potential and uses a damping coefficient of 2875 kcal fs mol −1 Å −2 . Our choice of damping coefficient is such that the bulk viscosity of our water model matches experimental values and has been verified in our previous study by simulating Couette flow in a large 25 nm channel [27] . Furthermore, we have shown that changing the DPD damping constant does not significantly change trends in the simulation, but rather can be tuned to simulate fluids with a different bulk viscosity such as oil or some other ionic liquid [22] .
Once the system is equilibrated, individual forces are applied to beads in the top pore wall or to water particles, or to both, to simulate pure creep and drying creep behaviour. Pure creep is simulated by applying individual forces in the positive x-direction to beads in the top pore wall, while drying creep is simulated by applying forces to the water beads in addition to these creep forces. Furthermore, transverse microprestress is incorporated into our simulations by applying individual forces to beads in the top pore wall perpendicular to the nanochannel width (i.e. z-direction in figure 1b) . In our simulations, we consider both tensile microprestress (positive z-direction) and compressive microprestress (negative z-direction). These creep simulations employ a time step of 20 fs and the total simulation time for each case studied is 40 ns (2 000 000 time steps).
Results and discussion (a) Pure creep behaviour with transverse microprestress
The first set of simulations we conduct are for the case of pure creep in which no external drying pressure or force is applied to the interlayer water particles (i.e. f id = 0). These simulations are used to understand the effect of the transverse microprestress on the relative motion of the solid pore walls without considering the influence of drying. The results of our simulations are summarized in figure 2, which show the creep velocity (figure 2a) (i.e. measured velocity of the top pore wall) and the effective viscosity of the water interlayer (figure 2b) as a function of the applied creep force. Results are shown for both tensile and compressive transverse microprestresses ranging from 0 to 50 MPa with the tensile cases shown in blue and the compressive cases shown in red. For comparison, results from our previous study and the case of σ t = 0 are shown in black in both panels.
For a given applied creep force, we note that a compressive microprestress decreases the creep velocity, while a tensile microprestress increases the creep velocity. These changes in the creep velocity coincide with changes in the effective viscosity of the water interlayer. Compressive microprestress increases the effective viscosity of the fluid, while a tensile microprestress decreases the viscosity of the fluid. In compression, the transverse microprestress serves to reduce the width of the nanopore (−4.7% for σ t = −50 MPa) and increases the degree of confinement between particles, thereby increasing the viscosity of the fluid. On the other hand, a tensile microprestress increases the width of the nanopore (9.5% for σ t = 50 MPa), which effectively reduces the viscosity of the water beads, as it allows for increased mobility between particles. The water beads in our simulation exhibit clear compressibility of approximately 9.4 × 10 −10 Pa −1 which is in line with the bulk compressibility of water of 4.4 × 10 −10 Pa −1 at 300 K [40] .
(b) Modification of analytical model and calculation of underlying energy barriers
In our previous study [22] , we developed an analytical model to describe the deformation of nanopores under creep or drying creep conditions as the successive 'hopping' of underlying energy barriers at the nanoscale. Each of these hopping events corresponds to the breaking and reformation of molecular interactions that resist deformation of the pore walls. In our simulation, the molecular interactions correspond to the network of non-bonded interactions between water particles developed across the pore width. While simple thermal fluctuations may cause the pore walls to move relative to one another and overcome these inherent energy barriers, the key driving force is external forces, such as the applied creep force, that effectively tilt the energy landscape and encourage successive hopping events that lead to macroscale deformation of the material. Our previous model, which was loosely based on similar works by Bell [41] and Zhurkov [42] , is a generalized kinetic model that employs an Arrhenius relationship between the lifetime of these molecular interactions and the activation energy barrier. The advantage of using such a model is that it does not rely directly on materials chemistry and has been shown to work reasonably well for a diverse set of materials systems, ranging from cell adhesion [41] to protein unfolding [43] .
In our model, we aim to describe the creep displacement of the two solid walls in the nanopore and quantify how external forces influence the ability of the system to overcome the underlying energy barrier to shear displacement. Given an underlying energy barrier E b and a distance between energy barriers of x b , we can calculate the probability, p pc , of overcoming an energy barrier with equation (3.1), where k b is Boltzmann's constant (1.38 × 10 −23 J K −1 ), T is the system temperature and f is some external force that tilts the energy landscape and increases or decreases the effective energy barrier to sliding motion.
It is important to note that, in this formulation, we consider both the forwards and backwards rates. In other words, we consider the fact that the system could 'hop' backwards due to thermal fluctuations, despite the clear preference to creep displacement in the direction of the applied creep force. While we have shown this model to work well in our previous study, this model does not consider the magnitude of the transverse microprestress applied to the system, so we must determine the impact of transverse microprestress on the underlying energy barriers to sliding motion of the nanopores. Intuitively, changes in the molecular packing and effective viscosity of the water interlayer indicate that a compressive microprestress should increase the energy barrier to sliding motion, while a tensile microprestress should have the opposite effect. To verify these assumptions 
The energy barrier to sliding motion is closely related to the molecular mobility (i.e. diffusivity and viscosity) of water beads that governs how they move past one another under some external deformation. To quantify the molecular mobility of confined water molecules and compute the associated effective energy barrier to molecular rearrangements, we simulate the temperature-dependent viscosity of the water interlayer for temperatures ranging from T = 280 K to T = 370 K. Here, we assume an Arrhenius relationship between viscosity and temperature given by equation (3.2) where E b is the underlying energy barrier, T is the system temperature and k b is Boltzmann's constant.
We measure the viscosity of the confined fluid over a wide range of temperatures, which allows us to determine the underlying energy barrier by taking a linear fit of the log of viscosity versus inverse temperature where the slope a = E b /k b .
The results of our simulations and the linear fit are shown in figure 3a for a compressive microprestress and in figure 3b for a tensile microprestress. Figure 3c summarizes these results by plotting the calculated underlying energy barrier (E b = ak b ) as a function of the transverse microprestress. In this figure, rather than plot the value of the energy barrier, we instead plot the change in the energy barrier E b . As expected, the energy barrier to shear deformation is increased (positive E b ) for a compressive microprestress that decreases the relative mobility of the water particles. On the other hand, the energy barrier is decreased (negative E b ) for a tensile microprestress that increases water particle mobility. Furthermore, we find that there exists an exponential relationship between the transverse microprestress and the additional contribution to the underlying energy barrier, E b , of the form given by equation (3.3) where σ t is the transverse microprestress and c 1 and c 2 are fitting constants. Physically, these fitting constants are related to the compressibility of the fluid and the strength of intermolecular interactions that govern molecular mobility (i.e. viscosity). Based on the form of equation (3.3), if there is a tensile microprestress (σ t > 0) the contribution is negative, but if there is a compressive microprestress (σ t < 0), the contribution is positive.
After quantifying the effect of transverse microprestress on the underlying energy barrier, we propose a simple modification to our existing model that predicts the creep behaviour of nanoporous solids. To account for the transverse microprestress, an additional energy barrier component must be added to the numerator of equation (3.1) that describes how the energy barrier changes as a function of the transverse microprestress. Assuming this function to be a simple exponential as suggested by figure 3c, we propose the following modification given by equation (3.4) , which considers the presence of some transverse microprestress in our system.
Here, we note that, when σ t = 0, we recover the initial form of our model with an underlying energy barrier to shear displacement of E b . To evaluate this modification to our model, we use the calculated energy barriers from our simulations to plot the predicted creep displacement as a function of creep force shown in figure 4a . Qualitatively, we see that the trends of the analytical model in figure 4a agree quite well with our simulation data presented in figure 2a.
However, a more quantitative comparison is desired. To facilitate this comparison, we define a ratio between the probability of shear displacement with no applied transverse microprestress, p pc , (as derived in our previous study [22] ) to the case of shear displacement with an applied transverse microprestress, p t , simulated in this work. Taking the ratio of these two quantities, we find the following relationship:
where E ba (σ t ) is the additional energy barrier contribution introduced by the transverse microprestress given by equation (3.3) , and A 0 is a fitting constant. Physically, A 0 indicates how the distance between energy barriers x b changes with transverse microprestress. Although the surface roughness of the solid walls largely governs this parameter, changing the density of the water interlayer can also change the energy landscape to shear displacement. A full derivation of this equation is provided in the electronic supplementary material. Using our simulation data, we plot this ratio for both tensile and compressive transverse microprestress in figure 4b. An exponential fit is shown in addition to the simulation data and shows good agreement between our simulation data and model prediction. For a compressive microprestress, we note the value of A 0 is close to 1, indicating that the distance between energy barriers does not change. However, for a tensile microprestress, A 0 has a value greater than one, indicating that the distance between energy barriers is decreased due to the increased mobility of water molecules. This quantitative evidence helps justify that the simple modification of 
(c) Effect of transverse microprestress on drying creep behaviour
Our initial simulations of pure creep behaviour provided insights into the nanoscale effects of transverse microprestress and showed how it changes the underlying energy barriers to shear deformation. However, of more importance to understanding these forces in the context of the Pickett effect are simulations that consider drying creep behaviour of the nanopore in which the creep force applied to the top pore wall is coupled with external forces applied to the water interlayer. As the drying force is independent of the applied creep force, we define the ratio r = F d /F c in our simulations to characterize the relative magnitude of these two forces and determine how this ratio influences the drying creep behaviour. Our simulations consider the cases of r = 0.25, 0.50 and 0.75. The full results (identical to figure 2 for the case of pure creep) for all drying conditions are presented in the electronic supplementary material, with the entirety of these results summarized in figure 5 . Figure 5 shows the creep velocity as a function of the transverse microprestress for each of the different drying conditions separated by the direction of the transverse microprestress with those having a compressive microprestress shown in figure 5a and those with a tensile microprestress shown in figure 5b. Figure 5 reveals a few interesting trends. First, we note that increasing the magnitude of the drying force applied to the water particles serves to accelerate the creep behaviour independent of the direction of the microprestress (i.e. tension or compression). This parallels the results of our previous study which showed that increasing the drying force in the absence of any microprestress also accelerates the creep behaviour. This acceleration is attributed to increased motion of the water interlayer that effectively tilts the energy landscape and promotes additional sliding displacement of the pore walls. However, the key difference between tension and compression is the degree to which the creep behaviour is accelerated by increasing the drying force. As the drying force is increased from This behaviour is more clearly illustrated in figure 6a, which shows the creep velocity as a function of the applied creep force. Here, the difference between the pure creep (red curves with F d = 0) and the highest drying rate (golden curves with F d = 0.75F c ) is significantly larger for a compressive microprestress than for the tensile microprestress. An explanation for this behaviour is provided in figure 6b which shows the effective viscosity of the water interlayer as a function of drying force for transverse compression (red) and transverse tension (blue). In tension, the viscosity of the fluid does not change significantly with increasing drying force and only exhibits slight shear-thinning behaviour (less than an order of magnitude). By contrast, under compression, the water interlayer exhibits significant shear-thinning behaviour of almost a full order of magnitude with increasing drying force. This quantitatively large shear-thinning behaviour explains why for a system at constant compressive microprestress, creep is significantly accelerated by an increasing drying force. These differences in the shear-thinning behaviour for different directions of the transverse microprestress help to explain the clear differences in the trends shown in figure 6a. It is also interesting to note that, for a high compressive microprestress and high drying force, the creep velocity exceeds that of the system under no microprestress, indicating that the microprestress can cause increased creep under appropriate drying conditions. Physically, although the activation energy barrier to shearing is higher under compression, motion of the water interlayer during drying effectively tilts the energy landscape such that the effective energy barrier is lowered and creep is therefore accelerated.
The results presented here for the cases of drying creep also provide a more comprehensive understanding of the Pickett effect and further validate most of the existing micromechanical theories. First, our results confirm that the intensity of the Pickett effect (i.e. the magnitude of drying creep) depends on the magnitude of the transverse microprestress, which is usually compressive in real systems, as described by the microprestress-solidification theory. Based on our results, we find that a higher compression leads to a milder Pickett effect and, as the compression is decreased, creep is accelerated in a nonlinear fashion. In real systems, the transverse microprestress is relaxed (i.e. decreased) due to drying that breaks highly tensioned atomic bonds and to a change in the relative humidity within nanopores. As the microprestress is relaxed, the viscosity of the fluid interlayer is decreased (figure 2b) and the shearing effects become energetically more favourable, thereby increasing the creep rate. Therefore, our simulations verify that, as the system dries and the compressive microprestress is relaxed, creep is accelerated and a stronger Pickett effect is observed, thereby confirming the assumed mechanisms of the Pickett effect proposed by the existing micromechanical theory.
(d) Modification of existing model for drying creep and transverse microprestress
We have shown that our model can be easily modified for the case of pure creep to capture the effects of changing transverse microprestress. Here, we discuss modifications that must be considered for the case of drying creep with an applied transverse microprestress. Based on our previous work [22] , the displacement, x dc , of a nanopore subjected to drying creep conditions is given by the following equations:
and
Like the case of pure creep, we know that, for drying creep, the transverse microprestress serves to change the underlying energy barrier to shear deformation of the nanopore. However, it is unclear whether it affects other physical parameters within our model. In addition to changing the underlying energy barrier, the transverse microprestress also significantly changes the viscosity of the water interlayer. Owing to this change in viscosity, the force imparted on the top pore wall by the water interlayer may also change. This material property, captured in our model through some shear transfer capability constant c, was assumed to be constant in our previous work. However, the extent of shear-thinning behaviour with increasing drying force is here more pronounced and changes by over an order of magnitude (figure 6b). We hypothesize instead that this value should change depending on the transverse loading condition (tension or compression) as well as on the magnitude of the drying force. Therefore, our modified model describes the drying creep displacement under an applied transverse stress Here, we present the ratio of the top pore wall displacement under no microprestress ( x dc ) to that under microprestress ( x dct ) for (a) compression and (b) tension. We find that the predicted exponential relationship between this ratio and the added or subtracted energy contribution to the shear activation energy barrier agrees well with our simulation data. (Online version in colour.)
σ t as follows:
To verify our hypothesis that the shear transfer coefficient changes in addition to the underlying energy barrier, we calculate the ratio of the displacements of drying creep with no transverse stress to that with transverse stress. This ratio, x dc / x dct , is given by the following equation: 10) where B 0 is a fitting constant that describes differences between the cases of drying creep with no microprestress compared with a finite microprestress. The exact form of B 0 is provided in the electronic supplementary material and is a function of the shear transfer capability and the distance between energy barriers, x bdct . Based on equation (3.10), we predict an exponential relationship for the ratio of creep displacements for these two cases. The ratios for these cases calculated from our simulations are presented in figure 7a for a compressive microprestress and in figure 7b for a tensile microprestress. For the case of compression, we see clear differences for each of the different values of the drying force. Notably, when fitting the simulation data with an exponential fit, we find that the scaling constant in front of the exponential term decreases with increasing drying force. This suggests that the shear transfer coefficient increases with the drying force (by approx. 20%, based on fitting parameters). For tension, on the other hand, the scaling constant in front of the exponential fitting equation remains essentially unchanged with increasing drying force.
Although the constant B 0 contains contributions from both the distance between energy barriers and the shear transfer coefficient, we can deconvolute these effects based on the results of our pure creep simulations. For pure creep and a compressive transverse microprestress, we know that the distance between energy barriers is unchanged (i.e. x bdc = x bdct ). Therefore, B 0 is solely a measure of how the shear transfer capability of the water interlayer changes. Based on the fitting of our simulation data, we find that the shear transfer capability increases with increasing water force. Under compression, low drying forces impart a low amount of their momentum to Water velocity as a function of applied drying force. Average velocity of the water interlayer is extracted from simulation and plotted against the magnitude of the drying force applied. Results here are shown for a constant creep force of 528 pN. Each curve corresponds to a different value of the transverse microprestress and are coloured by their magnitude (light colours are low magnitude and dark colours are high magnitude) and direction (blue for tension and red for compression). For a compressive microprestress, it is found that increasing the drying force increases the water velocity which promotes greater momentum transfer to the top pore wall that accelerates creep. For a tensile microprestress, there is a weak linear relationship, helping to explain that mobility is not significantly changed and that there is only a slight acceleration of creep with increasing drying force. (Online version in colour.) the top pore wall due to the decreased mobility of the water beads. As the drying pressure is increased, the mobility of the water particles also increases, thereby enhancing the shear transfer capability.
The case of tensile transverse microprestress is a bit more involved. From the cases of drying creep, our model predicts that the distance between energy barriers decreases and B 0 should have a value greater than 1. If there was any change in the shear transfer capability of the fluid, then the value of B 0 should change with the drying force. However, we find that this fitting constant does not change appreciably, as evidenced by the curves shown in figure 7b, thereby indicating that the shear transfer capability does not change with drying force. This can be explained by the fact that the mobility of water molecules is high under a transverse tensile stress and that an increase in the applied pressure does not greatly enhance the mobility of water molecules.
Our simulation data also support these conclusions. Figure 8 shows the mean water velocity of the interlayer plotted as a function of the applied water pressure. For a tensile microprestress, we find that the water velocity increases only slightly with increasing drying force as the mobility is not enhanced. However, for a compressive microprestress, increasing the drying force increases the water velocity significantly as the mobility of particles in the interlayer is increased and consequently more shear force is transferred to the top pore wall, thereby accelerating creep. Despite the differences in physical mechanisms, we show that our existing analytical model can be easily modified to describe the drying creep behaviour of nanopores with an applied transverse microprestress-for both tensile and compressive stresses.
Conclusions
Our CGMD simulations of water flow in a nanopore are used to study the drying creep behaviour of nanopores and specifically consider the role of transverse microprestress in these systems.
(1) A chemistry-independent CG model makes it possible to clarify the drying creep behaviour of nanopores subjected to three external forces: the applied creep stress, drying pressure and transverse microprestress. Based on the results of our previous study, shearthinning behaviour of water lowers effective energy to shear deformation of nanopores and facilitates increasing strain during drying creep, as observed in the Pickett effect. The generality of this model allows us to extend it to any number of material systems. Fully atomistic simulations could be used to complement the current work by exploring more specific solid-fluid interactions that may contribute to the drying creep behaviour. (2) Under pure (or basic) creep conditions, a transverse microprestress serves to either accelerate (tensile) or reduce (compressive) creep displacements by changing the effective viscosity of the water interlayer and the underlying energy barriers to shear deformation. The use of an Arrhenius viscosity-temperature relationship shows that a compressive microprestress increases the underlying energy barriers, while a tensile microprestress reduces these energy barriers. Furthermore, we observe a clear exponential relationship between the applied microprestress and the underlying energy barrier, which is explained by changing confinement of water molecules in the fluid interlayer of the nanopore. (3) Under drying creep conditions, there is a more complex interplay between the transverse microprestress, drying force and drying creep displacement. For a tensile microprestress, we find creep to be accelerated slightly by increasing the drying pressure, while for a compressive microprestress, creep is accelerated significantly by increasing the drying pressure. These varying behaviours can be attributed to the varying degrees of shear thinning exhibited by the nanoconfined water depending on the loading condition. In tension, the fluid has a relatively low viscosity due to an increase in channel width, which is only slightly decreased by an applied water pressure. On the other hand, a compressed system has a much larger viscosity due to increased nanoconfinement of the particles and decreased channel width. When a drying pressure is applied to the water molecules, the mobility of the interlayer is enhanced, leading to a significant decrease in the viscosity of the water interlayer. (4) Our simulations support current micromechanical explanations (i.e. progressive relaxation of compressive microprestress) for the origins of the Pickett effect and further reinforce that most of this phenomenon is, in fact, rooted in nanoscale behaviour. It is shown that decreasing the magnitude of the compressive disjoining pressure accelerates creep by decreasing the underlying energy barrier to shear displacement. Under pure creep, the transverse microprestress remains constant, and so there is no acceleration of the creep displacement over time. Under drying creep conditions, the microprestress progressively relaxes and the resistance to shear displacement of the pores decreases over time. This progressive relaxation explains the excess strain exhibited during drying creep (i.e. the Pickett effect), as it becomes easier for the material to deform due to combined drying and mechanical loading of the material. (5) Another nanoscale explanation for the Pickett effect is revealed by our simulations of the effects of the magnitude of the drying force. For a tensile transverse microprestress, there is a marginal increase in the drying creep displacement. However, for a compressive microprestress, there is a substantial acceleration of the drying creep behaviour because of significant shear thinning of the water interlayer. Additionally, we find a direct correlation between the magnitude of the compressive microprestress and the degree of enhancement of the creep strain with increased drying. These results suggest that the intensity of the Pickett effect is directly related to the magnitude of the internally developed microprestress. This observation can be extended to conclude that the Pickett effect intensity is inversely proportional to the age of the specimen. In other words, our simulations verify that the sooner mechanical creep is applied to a drying sample, the larger the Pickett effect. (6) Although the transverse microprestress is an internal material property that cannot be controlled through applied external loads, our simulations provide guidance for materials design on how this quantity can influence the creep behaviour. These properties can be changed by changing nanopore water content, motion of nanopore water (during drying), chemical reactions of hydration and the overall specimen temperature. (7) We have shown how our previous analytical model can be adjusted to account for the effects of microprestress. The main changes to the model are the incorporation of the added (or subtracted) energy barrier to shear deformation caused by the transverse microprestress as well as accounting for how the distance between energy barriers and the shear transfer coefficient between the water interlayer and solid material change as a function of microprestress and drying force.
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